Lithological Controls on Matrix Permeability of Organic-rich Shales: An Experimental Study  by Ghanizadeh, A. et al.
 Energy Procedia  40 ( 2013 )  127 – 136 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the GFZ German Research Centre for Geosciences
doi: 10.1016/j.egypro.2013.08.016 
ScienceDirect
 
 
European Geosciences Union General Assembly 2013, EGU 
Division Energy, Resources & the Environment, ERE 
 
Lithological controls on matrix permeability of organic-rich 
shales: An experimental study 
A. Ghanizadeh*, M. Gasparik, A. Amann-Hildenbrand, Y. Gensterblum, B. M. 
Krooss 
 
Institute of Geology and Geochemistry of Petroleum and Coal, RWTH Aachen University, Lochnerstr.4-20, Aachen 52056, 
Germany 
Abstract 
This manuscript discusses the influence of lithological factors on matrix permeability of organic-rich shales, differing in porosity 
(3.0-16.6%), mineralogy, TOC content (1.8-14.2%) and maturity (0.5-2.4% VRr). The lowest porosity and permeability coefficients 
were measured at intermediate maturity levels (0.88-1.01% VRr). Gas (He) permeability coefficients increased with porosity (3.0-
16.6%) ranging between 4·10-22 and 9.7·10-17 m². Permeability coefficients (He, CH4) measured parallel to bedding were more than 
one order of magnitude higher than those measured perpendicular to bedding. Permeability coefficients measured with helium were 
consistently, up to two times, higher than those measured with argon and methane under similar experimental conditions.  
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1. Introduction 
Economic gas flow rates in shale gas reservoirs, which commonly have permeability coefficients down 
to the nDarcy-range, are still technically difficult to achieve, partially due to the poor understanding of the 
fluid transport processes within the fracture and matrix systems of these lithotypes. Mineralogy, total 
organic carbon (TOC) content, and texture of organic-rich shales govern the pore network characteristics 
(porosity, pore size distribution) and matrix permeability of shale oil/gas reservoirs. This manuscript 
discusses the lithological controls on matrix permeability of organic-rich shales, differing in porosity (3.0-
16.6%), mineralogy (calcite-rich, clay-rich, quartz-rich), TOC content (1.8-14.2%) and maturity (0.5-
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2.4% VRr).  Gas (He, Ar, CH4) and water flow properties were determined at effective stresses ranging 
between 5 and 37 MPa and temperature of 45°C. The effects of different controlling factors/parameters 
on the matrix fluid conductivity were analyzed. 
2. Samples 
While no commercial shale gas is currently produced outside North America, many parts of Europe 
contain prime targets for shale gas exploration [1]. The Lower Toarcian Posidonia Shale is considered as 
one of the most widespread and economically important petroleum source rocks of Western Europe with 
high oil- and gas-generating potential [2]. It is organic-rich with lateral variations in thermal maturity 
from immature to highly overmature [2,3]. The Cambro-Ordovician Alum Shale (central/southern 
Sweden, southern Denmark) and Late Mississippian Chokier Formation/Upper Alum Shale (Belgium) are 
furthermore considered among the potential targets for shale gas exploration in Western Europe [1,2,4]. 
These shales are organic-rich with TOC contents up to 20% and maturities as high as 3% VRr [1,2,4].  
A total of 21 plugs were analyzed in this study (Table 1). These plugs were drilled 
(perpendicular/parallel) from core materials obtained from Posidonia Shale, Scandinavian Alum Shale 
and Chokier Formation (Upper Alum Shale). A mature sample (Rock-Eval Tmax: 445 °C, 1.01% VRr) 
from Barnett Shale (Mesquite well, USA) was analyzed for comparison. Plugs were drilled with 
diameters of either 28.5 or 38 mm. Their thickness ranged between 10 and 30 mm. The gas permeability 
coefficients were measured on dry plugs (dried at 105 °C, vacuum, overnight). For two plugs from the 
Scandinavian Alum Shales, the gas permeability coefficients were measured on both dry (105 °C, 
- plugs (moisture content: 1.1 wt% on as-received basis) to 
investigate the effect of moisture on permeability coeffici -
the plug was drilled from the core material using pressurized air as drilling fluid, and then installed in an 
-   
 
Table 1. Detailed information of the drilled plugs including the origin, depth, orientation with respect to the core axis 
(parallel/perpendicular) and moisture condition 
 
Sample no. Origin Depth (m) 
Plug(s) orientation  
w. resp. to core axis 
Moisture 
condition 
WIC Posidonia Shale, Wickensen well (northern Germany) 54.6 Perpendicular Dry 
HAR#1 Posidonia Shale, Harderode well (northern Germany) 44.5 Perpendicular/Parallel Dry 
HAR#2 Posidonia Shale, Harderode well (northern Germany) 66.8 Perpendicular/Parallel Dry 
HAD#1 Posidonia Shale, Haddessen well (northern Germany) 50.8 Perpendicular/Parallel Dry 
HAD#2 Posidonia Shale, Haddessen well (northern Germany) 60.6 Perpendicular/Parallel Dry 
Alum#1 Alum Shale (central Sweden) outcrop Parallel Dry 
Alum#2 Alum Shale (southern Sweden) outcrop Parallel Dry 
Alum#3 Alum Shale, Skelbro-2 well (Denmark) 12.4 Perpendicular/Parallel As-received/Dry 
Alum#4 Alum Shale, Skelbro-2 well (Denmark) 26.4 Perpendicular/Parallel Dry 
Chokier#1 Chokier Formation (Belgium, Germany) 14.3 Perpendicular/Parallel Dry 
Chokier#2 Chokier Formation (Belgium, Germany) 31.5 Parallel Dry 
Mesquite Barnett Shale, Mesquite well (USA) 1150.6 Parallel Dry 
3. Vitrinite reflectance, TOC, XRD and porosity analyses 
Polished sections of the samples were used to perform vitrinite reflectance (%VRr) measurements at 
randomly orientated particles. Total Organic Carbon (TOC) contents were determined on powdered 
samples with a LECO multiphase carbon/hydrogen/moisture analyser (RC-412). A detailed description of 
the methods for vitrinite reflectance and TOC analyses are given in [4]. For the cylindrical plugs 
analyzed, in the dry state and under unconfined conditions, porosity values were determined from the 
skeletal volumes measured by helium pycnometry and the bulk volumes calculated from the dimensions 
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of the plugs. Bulk mineralogical compositions were derived from the X-ray diffraction patterns measured 
on randomly oriented powders. Quantitative phase analysis was performed by Rietveld refinement using 
BGMN software, with customized clay mineral structure models [5].  
The results of the vitrinite reflectance, TOC content, XRD and porosity analyses are listed in Table 2. 
The analyzed samples have the following ranges of key properties: vitrinite reflectance: 0.5-2.4% VRr, 
TOC content: 1.8-14.2%, porosity: 3.0-16.6%, clay content: 7.5-63.0%, quartz content: 4.7-66.0%, 
carbonate content: 0.75-85.5%. 
 
Table 2. Summary of vitrinite reflectance, TOC content, XRD and porosity analyses (n.a.: not available)  
 
Sample no. % VRr 
TOC 
(%) 
Porosity 
(%) 
Clay content 
(%) 
Quartz content 
(%) 
Carbonate content 
(%) 
Pyrite 
(%) 
Others 
(%) 
WIC 0.53 14.2 16.6 28.6 10 49.3 2.7 9.4 
HAR#1 0.88 9.3 3.0 29.9 19 34.3 6.9 9.9 
HAR#2 0.88 6.8 3.7 39.7 17.3 25.9 7.3 9.8 
HAD#1 1.45 6.7 9.9 35.9 19.8 32.9 4.7 6.7 
HAD#2 1.45 7.7 14.4 23.0 15.2 53.0 3.9 4.9 
Alum#1 0.50 8.2 12.8 32.7 57.2 0.2 7.8 2.1 
Alum#2 2.0 2.4 2.5 7.5 4.7 85.5 0.8 1.5 
Alum#3 2.40 7.1 8.9 60.7 30.3 0.8 4.3 3.9 
Alum#4 2.40 7.7 13.7 63.0 21.6 1.4 9.8 4.2 
Chokier#1 1.90 2.4 n.a. 38.9 37.4 1 8.4 14.3 
Chokier#2 2.40 1.8 n.a. 21 66.0 0.75 2.9 9.35 
Mesquite 1.01 5.1 4 60 31.0 8.4 0.4 0.2 
4. Single-phase gas and water flow tests 
Single-phase gas/water flow tests were performed under controlled axial and confining pressures on 
cylindrical plugs placed in a customized fluid flow cell (Figure 1). The details of the customized fluid 
flow cell are explained in [6,7]. 
 
Fig. 1. Scheme of the system used for single-phase gas/water flow tests. 
 
Single-phase gas flow tests were conducted using steady state and non-steady state techniques. Helium, 
argon and methane were used as permeates for single-phase gas flow tests. Single-phase water flow tests 
were conducted under steady state conditions by applying a constant water pressure difference across the 
sample and measuring the volumetric water flow rate at the downstream side using a graduated pipette 
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(volume: 1ml, graduation: 0.01 ml). De-ionized water was used as permeate for single-phase water flow 
tests. The downstream pressure was atmospheric in all steady state gas/water flow tests ( atmP  = 0.101 
MPa). A leak test with helium was performed prior to each flow test. For all tests the temperature was 
controlled and the system was kept at a constant temperature (45°C). 
Intrinsic (water) permeability coefficients ( absk ) were calculated using for incompressible 
fluids [8]: 
 
L
PPk
x
PPk
A
Q updownabsupdownabs )()(  
where Q  is the volumetric fluid flow rate, A is the cross-sectional area of the sample, absk is the intrinsic 
(water) permeability coefficient,
 
 is the viscosity of the permeating fluid (water), L  is the sample 
length, and upP  and downP  are pressures of the upstream and downstream sides of the sample, respectively. 
In steady state measurements, apparent gas permeability coefficients ( gask ) were calculated using the 
[8]: 
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For evaluation of (apparent) gas permeability coefficients in non-steady state measurements, a 
formulation, which is based on the interpretation of the fundamental flow equations, i.e. the mass balance 
equation (continuity equation) and Darcy's law was used [9,10]: 
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where the parameters 1V , 2V , L , A , mP  and  represent the upstream and downstream volumes, the 
length of the sample, the cross-sectional area of the sample, the mean pore pressure and gas viscosity, 
respectively. The parameter c  in this equation is the slope of the plot of ))()(ln( tPtP downup versus time, 
which is calculated using the recorded upstream and downstream pressure data.  
Based on the Klinkenberg phenomenon (slip flow effect), the measured (apparent) permeability to gas 
is a function of mean pore pressure, approaching a limiting value at infinite mean pore pressure. This 
limiting permeability value, which is commonly referred to as the Klinkenberg-corrected permeability, is 
calculated from the straight-line intercept on a plot of measured (apparent) gas permeability coefficients 
versus the reciprocal mean pore pressure (Klinkenberg plot). In this study, apparent gas permeability 
coefficients measured using helium, argon and methane as permeates were corrected using the 
Klinkenberg equation [11].  
Parallel and perpendicular to bedding, Klinkenberg-corrected gas (He, Ar, CH4) permeability 
coefficients measured on plugs from Posidonia Shale, Scandinavian Alum Shale, Chokier Formation and 
Barnett Shale ranged between 4·10-22 and 4.5·10-17 m², depending on effective stress (5-37 MPa), 
permeating gas (He, Ar, CH4), moisture content and other sample-to-sample variations. Parallel and 
perpendicular to bedding, intrinsic (water) permeability coefficients measured on plugs from Posidonia 
Shale and Scandinavian Alum Shale ranged between 5·10-22 and 1·10-20 m² at effective stress ranging 
between 5 and 30 MPa.  
(3) 
(2) 
(1) 
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5. Discussion 
5.1 Porosity-Permeability relationship 
Based on experimental results, no difference could be observed between Klinkenberg-corrected gas 
(He) permeability coefficients obtained from steady state and non-steady techniques. Klinkenberg-
corrected gas (He) permeability coefficients measured perpendicular and parallel to bedding at effective 
stress of 30 MPa are shown in Figure 2, as a porosity-permeability plot. As observed in previous studies 
[12,13], Figure 2 shows that there is a fair to modest log-linear relationship between porosity and 
permeability coefficients measured perpendicular to bedding. The convergence of the permeability 
coefficients at lower porosity values reflects the fact that shales appear to compact by preferential 
collapse of larger pores which contribute most to the fluid flow [12]. Pore throat size distributions of 
lithologically diverse mudstones/shales are expected to become increasingly similar as porosity decreases 
[12]. 
 
Fig. 2. Relationship between porosity determined from helium expansion (He porosity) and permeability coefficients measured with 
He perpendicular and parallel to bedding. Permeability coefficients are Klinkenberg-corrected and were measured at an effective 
stress of 30 MPa. 
5.2 Effect of maturity on porosity and permeability  
For immature and overmature samples analyzed in this study, Figure 3 shows that there is a modest 
correlation between present-day TOC content and porosity. Figure 3 indicates, in particular, that the 
porosity values measured for mature samples (oil-window: 445 < Tmax < 449 °C; 0.88-1.01% VRr) were 
significantly lower than those measured for immature and overmature samples with similar TOC 
contents. These lower porosity values for mature samples are, most likely, attributed to the thermally 
generated viscous bitumen which has not been expelled from the pore system and thus is blocking the 
pore throats/volume [14]. Consistent with these observations, among the sample suite analyzed, the 
lowest Klinkenberg-corrected gas (He) permeability coefficients were measured for mature samples (< 
1·10-20 m2) perpendicular and parallel to bedding. Based on the laboratory observations [14,15], it is 
expected that fluid transport properties of organic-rich shales, if not controlled, could be significantly 
affected by the level of thermal maturation; the presence and connectivity of the intra-particle micro- and 
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meso-pores (1-50 nm) within the organic macromolecules [16], and solid bitumen particles in particular 
[14,15]. 
 
 
Fig. 3. Relationship between present-day TOC content and porosity. Mature samples had significantly lower porosity values than 
immature/overmature samples with similar TOC contents. 
5.3 Effect of mobile liquid phase on porosity and permeability  
For two plugs from the Scandinavian Alum Shale, drilled parallel to bedding from an identical core, 
Figure 4 shows that the Klinkenberg-corrected gas (He, CH4) permeability coefficients measured on the 
dry plug were significantly (up to six times, depending on effective stress) higher than those measured on 
the plug - -received basis). Figure 4 indicates 
furthermore that the effect of moisture on measured permeability coefficients became more profound as 
effective stress increased.  
 
 
Fig. 4. Effect of moisture content on Klinkenberg-corrected gas (He, CH4) permeability coefficients (Alum#3). 
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-
core that was dried at 105 °C (vacuum, overnight). Based on the measured moisture content (1.1% wt on 
as- - -filled pore volume was determined, 
assuming a water density of 1 g/cm3. Considering the calculated water-filled pore volume and the dry 
porosity (8.9 - 6.2% for 
-  
5.4 Effect of mineralogy on matrix permeability  
For the sample suite analyzed in this study, permeability was not simply controlled by mineralogy, as 
samples with higher permeability coefficients were quartz-, carbonate- and clay-rich (Figure 5). Figure 5 
shows, furthermore, that there was no significant relationship between mineralogy and stress dependence 
of permeability. Consistent with the latter observation, for organic-rich shales from Western Canadian 
Basin and Woodford Shale, Pathi [17] observed that the mineralogy was not the only factor affecting the 
stress dependence of permeability, as the permeability coefficients of the samples with similar amounts of 
quartz and clay showed different sensitivity to effective stress.  
 
 
Fig. 5. Effect of mineralogy on matrix permeability of organic-rich shales analyzed in this study 
5.5 Effect of orientation on permeability (permeability anisotropy) 
For the sample suite analyzed in this study, Klinkenberg-corrected gas (He) permeability coefficients 
measured parallel to bedding were up to more than one order of magnitude higher than those measured 
perpendicular to bedding (Figure 6).  
Comparable degrees of permeability anisotropy have been reported for other organic-rich 
shales/mudstones [17,18]. Permeability anisotropy reflects sediment heterogeneity and particle alignment. 
Sediment heterogeneity is primarily dependent on sediment deposition and conditions leading to the 
formation of silt-clay lamination and particle alignment. Furthermore it is related to the subsequent 
mechanical compaction and clay mineral recrystallisation [12,19]. In shales the permeability anisotropy is 
strongly related to the microstructure (bedding/lamination planes), presence of micro-fractures and the 
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orientation of minerals and pores/cracks along a preferential direction, as the result of sedimentation, 
compaction and diagenesis [12,17,18].  
 
 
Fig. 6. Relationship between permeability coefficients measured parallel and perpendicular to core axis (similar depths). 
Permeability coefficients are Klinkenberg-corrected and were measured at an effective stress of 30 MPa. 
5.6 Effect of permeating fluid on permeability  
Previous laboratory studies showed that for coals the permeability coefficients measured using non-
sorbing gases (He, Ar, N2) may be significantly larger than those measured using sorbing gases (CH4, 
CO2). Permeability coefficients were reported to decrease in the order He > N2 > CH4 > CO2 [20,21]. This 
discrepancy in the measured permeability coefficients could be mainly due the wettability of coal to 
permeating fluid, the coal swelling/shrinkage induced by sorption and the slip flow effect [20,21].  
For the analyzed immature/overmature organic-rich shales, differing in TOC content (1.8-8.2%), 
Figure 7 shows the ratio of permeability coefficients (Klinkenberg-corrected) measured with helium to 
those measured with argon and methane under similar experimental conditions (effective stress: 30 MPa). 
The ratio of permeability coefficients measured with helium and argon highlights the influence of slip 
flow (due to the difference in slip flow and molecular sizes), while the ratio of helium to methane 
permeability coefficients highlights the combined influences of slip flow, molecular size and gas sorption 
on organic matter of the shale matrix. Similar to the results previously reported for coals [20,21], Figure 7 
indicates that, 1) permeability coefficients (Klinkenberg-corrected) measured using helium were 
consistently, up to two times, higher than those measured using argon and methane under similar 
experimental conditions, and, 2) the ratio of permeability coefficients measured with helium and methane 
increased as TOC content increased (1.8-8.2%). Perpendicular and parallel to bedding, the intrinsic 
(water) permeability coefficients were furthermore significantly, up to three orders of magnitude, lower 
than Klinkenberg-corrected gas (He, CH4) permeability coefficients under similar experimental 
conditions. 
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Fig. 7. The ratio between helium permeability coefficients to those of argon and methane for the sample suite analyzed, differing in 
TOC content. Permeability coefficients are Klinkenberg-corrected and were measured at an effective stress of 30 MPa. 
6.  Conclusions 
For the sample suite analyzed in this study, based on the experimental observations, the following 
conclusions could be drawn: 
 The lowest porosity and permeability coefficients were measured at intermediate maturity levels 
(oil-window; 0.88 -1.01 %VRr).  
 In general, the Klinkenberg-corrected gas permeability coefficients increased with porosity (4-
16%) ranging between 4·10-22 and 9.7·10-17 m². There was a fair to modest log-linear relationship 
between porosity and permeability coefficients measured perpendicular to bedding.   
 Permeability coefficients measured parallel to bedding were more than one order of magnitude 
higher than those measured perpendicular to bedding.  
 Klinkenberg-corrected gas (He, CH4) permeability coefficients measured on a dry sample were 
significantly, up to six times, higher than those measured on a sample -
moisture content (1.1 wt% on as-received basis). The effect of moisture on measured 
permeability coefficients became more profound as effective stress increased. 
 Permeability coefficients measured using helium were consistently, up to two times, higher than 
those measured with argon and methane under similar experimental conditions. The permeability 
reduction associated with argon and methane as permeates is attributed to: 1) the enhanced slip 
flow and smaller molecular size associated with helium as permeate, and, 2) methane sorption on 
organic matter of the shale matrix. Perpendicular and parallel to bedding, the intrinsic (water) 
permeability coefficients were significantly, up to three orders of magnitude, lower than 
Klinkenberg-corrected gas (He, CH4) permeability coefficients measured under similar 
experimental conditions. 
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